ABSTRACT. Air trapping and alveolar hyperinflation may occur during mechanical ventilation in the presence of severe airway obstruction, during fast ventilator rates, and when expiratory time is compromised. Inadvertent positive end-expiratory pressure may occur with air trapping and increased mean airway pressure. The pulmonary artery pressure response to air trapping, produced during volumeregulated time-cycled ventilation, was studied in neonatal lamb lungs, isolated in situ, and perfused at a constant flow rate (50-75 ml . kg-'. min-'), both before and after Caz+-channel blockade with verapamil(5 mg). The hub of the endotracheal tube was narrowed to a 1.5-mm orifice to produce fixed proximal airway obstruction. Air trapping was then produced by lengthening inspiratory time from 25 to 80%, at zero end-expiratory pressure. The magnitude of inadvertent positive end-expiratory pressure due to air trapping was estimated by end-expiratory occlusion pressure. End-expiratory occlusion pressure was 0.20 ' 0.03 kPa (1.7 2 0.2 mm Hg) and 1.60 2 0.01 kPa (1 1.8 f 1.0 mm Hg), at 25 and 80% inspiratory times, respectively. On lengthening inspiratory time, mean pulmonary artery pressure (mPpa) increased briskly within 30 s followed by a gradual increase over the next 4 min. Verapamil blunted both the brisk and the gradual increase in mPpa on lengthening inspiratory time. Lengthening inspiratory time increased the mPpa by 2.0 2 0.1 kPa (14.7 f 0.8 mm Hg) from baseline, and verapamil reduced this increase to 1.3 f 0.1 kPa (10.1 f 0.6 mm Hg; p < 0.05 by analysis of variance). Verapamil did not affect changes in mean airway and peak inspiratory airway pressures and the magnitude of inadvertent positive end-expiratory pressure caused by lengthening inspiratory time. In the neonatal lamb, the Ca2+-channel-dependent portion of the mPpa response to air trapping amplifies the Ca2+-channel-independent portion, which represents the compressive effects of airway pressure on the pulmonary circulation. (Pediatr Res 29: 89-92,1991) Abbreviations PEEP, positive end-expiratory pressure CPPB, continuous positive pressure breathing PVR, pulmonary vascular resistance Ppa, pulmonary artery pressure mPpa, mean pulmonary artery pressure
ABSTRACT. Air trapping and alveolar hyperinflation may occur during mechanical ventilation in the presence of severe airway obstruction, during fast ventilator rates, and when expiratory time is compromised. Inadvertent positive end-expiratory pressure may occur with air trapping and increased mean airway pressure. The pulmonary artery pressure response to air trapping, produced during volumeregulated time-cycled ventilation, was studied in neonatal lamb lungs, isolated in situ, and perfused at a constant flow rate (50-75 ml . kg-'. min-'), both before and after Caz+-channel blockade with verapamil(5 mg). The hub of the endotracheal tube was narrowed to a 1.5-mm orifice to produce fixed proximal airway obstruction. Air trapping was then produced by lengthening inspiratory time from 25 to 80%, at zero end-expiratory pressure. The magnitude of inadvertent positive end-expiratory pressure due to air trapping was estimated by end-expiratory occlusion pressure. End-expiratory occlusion pressure was 0.20 ' 0.03 kPa (1.7 2 0.2 mm Hg) and 1.60 2 0.01 kPa (1 1.8 f 1.0 mm Hg), at 25 and 80% inspiratory times, respectively. On lengthening inspiratory time, mean pulmonary artery pressure (mPpa) increased briskly within 30 s followed by a gradual increase over the next 4 min. Verapamil blunted both the brisk and the gradual increase in mPpa on lengthening inspiratory time. Lengthening inspiratory time increased the mPpa by 2.0 2 0.1 kPa (14.7 f 0.8 mm Hg) from baseline, and verapamil reduced this increase to 1.3 f 0.1 kPa (10.1 f 0.6 mm Hg; p < 0.05 by analysis of variance). Verapamil did not affect changes in mean airway and peak inspiratory airway pressures and the magnitude of inadvertent positive end-expiratory pressure caused by lengthening inspiratory time. In the neonatal lamb, the Ca2+-channel-dependent portion of the mPpa response to air trapping amplifies the Ca2+-channel-independent portion, which represents the compressive effects of airway pressure on the pulmonary circulation. a mPaw, mean proximal airway pressure Pmax, peak inspiratory airway pressure Air trapping and alveolar hyperinflation may occur in the lungs during CPPB in the presence of severe airway obstruction and during fast ventilator rates and long inspiratory times, especially when expiratory time is inadequate (1-4). Air trapping and alveolar overdistension may increase mean proximal airway, alveolar, and intrathoracic pressures (2, 5) . With air trapping, alveolar pressure at end-expiration may exceed applied PEEP, a phenomenon termed "inadvertent PEEP" or "auto-PEEP" (2, 6) . The hemodynamic effects of inadvertent PEEP in adult lungs have been attributed to the transmission of airway pressure to the pleural space, impeding cardiac filling, and to the elevation of alveolar pressure, which compresses alveolar vessels (2, 4) . In neonatal lambs, PEEP, applied during CPPB, is known to induce both Ca2+-channel-dependent and Ca2+-channel-independent increases in PVR (7) . The effects of air trapping with inadvertent PEEP on the pulmonary circulation have not been investigated in neonates. Our research examined the pulmonary vascular response to air trapping during CPPB. Air trapping was induced by creating severe, fixed proximal airway obstruction by narrowing the endotracheal tube, and by lengthening inspiratory time to 80% of the respiratory cycle. The Ppa response to air trapping and the resulting inadvertent PEEP were studied in isolated neonatal lamb lungs perfused at a constant flow rate and ventilated at a fixed tidal volume and rate. The time course of the change in mPpa after abruptly lengthening inspiratory time was studied before and after Ca2+-channel blockade with verapamil.
MATERIALS AND METHODS
In situ isolated lung preparation. Thirteen 3-to 7-d-old mixed breed lambs were anesthetized with 25 mg.kg-I of thiopental sodium (Abbott Laboratories, North Chicago, IL), paralyzed with 0.1 mg.kg-' of pancuronium bromide (Organon Inc., West Orange, NJ), intubated, and ventilated with a time-cycled, volume-regulated ventilator (Siemen's-Elema Servo 900C, Siemen's-Elema Inc., Schaumberg, IL) at a rate of 25/min, a tidal volume of 15-20 ml. kg-', an inspiratory time of 25%, fraction of inspired oxygen of 0.4, and zero end-expiratory pressure. Anesthesia was maintained with 50 mg.kg-' of a-chloralose (Sigma Chemical Co., St. Louis, MO). Femoral arterial and venous catheters were placed for monitoring vascular pressures. A median sternotomy was performed. The inferior vena cava, the superior vena cava, the aortic root, and the main pulmonary artery were isolated and looped with umbilical tapes. The ductus arteriosus was ligated. A 5 Fr umbilical catheter was placed through a purse-string suture into the main pulmonary artery. A
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VENKATARA MAN ET AL. similar catheter was placed in the left atrium through the left atrial appendage. Airway pressure was measured at the hub of the endotracheal tube. A11 pressure transducers were interfaced with a multichannel recorder (Grass Instruments Inc., Quincy, MA). The vascular pressures were referenced to the level of the left atrium. An arterial pH of 7.35-7.45, a partial pressure of arterial C 0 2 of 4.7-6.0 kPa (35-45 torr), and a partial pressure of arterial O2 of >13.33 kPa (>I00 tom) was maintained by adjustment of minute ventilation or administration of sodium bicarbonate as needed. Heparin sulfate (400 U . kg-'; Elkins-Sinn Inc., Cherry Hill, NJ) was then administered and allowed to circulate.
Lambs were killed by exsanguination; the withdrawn blood was then added to the venous reservoir of a closed perfusion circuit (Fig. I) , and ventilation was discontinued. The lungs were then isolated in situ for extracorporeal perfusion as described previously (7). Briefly, the venae cavae and the aortic root were ligated. Through a right ventriculotomy, a perfusion cannula (10 mm outer diameter) was placed in the main pulmonary artery and secured with the umbilical tape. A similar cannula was placed in the left atrium through a left ventriculotomy. Both the cannulas were tightly secured by an umbilical tape tied around the body of the ventricles. Antegrade perfusion of the lungs was camed out with a mixture of Krebs-Ringer-bicarbonate solution in 3.3% Dextran-40 with 5 U of heparin sulfate per mL and exsanguinated blood, equilibrated to 5% carbon dioxide. Perfusate was warmed continuously to 42°C using a heater-cooler (Sarn's, Detroit, MI) and a heat exchanger. Perfusion was maintained at a fixed flow rate for each animal between 50 and 75 ml . kg-' . min-' using a roller pump (Travenol, Pittsburgh, PA).
Left atrial pressure was maintained between 0 and -0.7 kPa (0 and -5 mm Hg).
Ventilation was resumed using a humidified gas mixture of 16% oxygen, 5% carbon dioxide, and the balance nitrogen (79%) at a rate of 25 min-' with a tidal volume of 15-20 ml-kg-', and an inspiratory time of 25%. PEEP of 0.5 kPa (3.7 mm Hg) was applied to reexpand the lungs. A mechanical obstructor with an internal diameter of 1.5 mm was placed in the hub of the endotracheal tube to produce fixed proximal airway obstruction. All animal experimentation in our study was performed with the highest standards of humane care as set forth in the NIH Guide for the Care and Use of Laboratory Animals, and with the approval of the Animal Care and Use Committee of the University of Pittsburgh.
Experimental protocol. With fixed proximal airway obstruction, baseline measurements of mPpa, mPaw, and Pmax were measured at an inspiratory time of 25%, tidal volume of 15-20 ml. kg-', and zero end-expiratory pressure. Inspiratory time was abruptly lengthened to 80% to produce air trapping. The time course of mPpa, mPaw, and Pmax was observed for 4 min. Inspiratory time was then abruptly changed back to 2576, and mPpa, mPaw, and Pmax were allowed to come down to baseline. This sequence was repeated three or four times in each animal, and the average changes in mPpa, mPaw, and Pmax were calculated for each animal. The magnitude of inadvertent PEEP was estimated by measuring end-expiratory occlusion pressure (8) . Inadvertent PEEP was measured at both 25 and 80% inspiratory times. Slow Ca2+-channel flux in vascular smooth vessel was blocked by administration of 5 mg of verapamil (LyphoMed Inc., Melrose Park, IL). Inspiratory time was lengthened as described above, and the changes in mPpa, mPaw, and Pmax were noted. Inadvertent PEEP was again estimated as described above at both inspiratory times.
Statislical analysis. The changes in mPpa, Pmax, and mPaw on lengthening inspiratory time were compared with measurements at baseline by one-way analysis of variance for repeated measures (9) . The time course of changes in mPpa, Pmax, and mPaw before verapamil was compared with those after verapamil by two-way analysis of variance. Post-hoc comparisons were analyzed using Student-Neuman-Keuls multiple comparison test. A p value of 50.05 was considered significant.
RESULTS
All pressures are expressed as mean f SEM kPa (mean f SEM mm Hg). Of the 13 lambs studied, four were excluded; one because of severe hypotension and three because of pulmonary edema, which developed before the start of the experiment. Nine infant lambs were included in the study. (Table 1) . When inspiratory time was shortened from 80 to 25%, Pmax and mPaw returned to baseline by 2-4 min. Pmax and mPaw, 4 min after inspiratory time was shortened to 25%, were 3.4 + 0.2 and 0.6 f 0.04 kPa, respectively (25.6 + 1.6 and 4.7 and 0.4 mm Hg, There was a sharp increase of mPpa within the initial 30 s, followed by a gradual increase in mPpa over the next 2-3 min (Fig. 2) . The total change in mPpa from baseline was 2.0 + 0.1 kPa (14.7 + 0.8 mm Hg). When inspiratory time was shortened back to 25%, mPpa decreased at first briskly and then gradually back to baseline; mPpa was persistently elevated above baseline even at 60 s after shortening inspiratory time (Fig. 2) . Four min after inspiratory time was shortened, mPpa was 4.1 f 0.2 kPa (3 1.0 + 1.3 mm Hg; statistically not significant from baseline).
Verapamil blunted both the initial and delayed increases in mPpa on lengthening inspiratory time (Fig. 2) . The total change in mPpa, on lengthening inspiratory time, was 1.3 + 0.1 kPa (10.1 & 0.6 mm Hg; p < 0.05 vs preverapamil value). Verapamil also abolished the slow return of mPpa to baseline after shortening inspiratory time from 80 to 25%; mPpa returned to baseline within 10 s and did not change thereafter (Fig. 2) . Four minutes after shortening inspiratory time, mPpa was 4.2 + 0.2 kPa (3 1.6 ? 1.2 mm Hg; statistically not significant from baseline and preverapamil values).
DISCUSSION
During CPPB, air trapping increases proximal airway, alveolar, and intrathoracic pressures (2, 5) . Air trapping may be evidenced by the appearance of inadvertent PEEP, where alveolar endexpiratory pressure is greater than PEEP set on the ventilator (2, 5, 6) . Inadvertent PEEP decreases total respiratory compliance, and can adversely affect carbon dioxide elimination by decreasing effective alveolar minute ventilation (5, 10, 11). In adults, inadvertent PEEP decreases cardiac output (2, 3). The hemodynamic effects of inadvertent PEEP have been attributed to the transmission of alveolar pressure to the alveolar vessels (2, 3) .
The effects of airway pressure during static inflation on pulmonary blood flow in isolated lungs perfused at a constant flow rate have been explained using a "Starling resistor" model (12) (13) (14) . In such a model, lung inflation with positive airway pressure increases PVR when alveolar pressure exceeds left atrial or critical closing pressure ( 1 3, 14) . At a constant pulmonary artery blood flow, an increase in PVR results in a corresponding increase in Ppa. The magnitude of increase in Ppa with positive airway pressure is almost equal to the increase in alveolar pressure (1 3,  14) . This effect of positive airway pressure on PVR in the adult lungs is primarily due to compression of collapsible alveolar vessels ( 1 3-1 5) .
In the infant lamb, PEEP has been shown to have both "Starling" and "non-Starling resistor" effects on the pulmonary circulation (7, 16, 17) . In the intact infant lamb, PEEP with CPPB increased PVR and decreased pulmonary blood flow to a greater extent than a comparable level of static lung inflation (17) . This increase in PVR that is seen when PEEP is applied during CPPB persists for several minutes after PEEP is discontinued (7). This residual increase in PVR is ablated by Ca2+-channel blockade in isolated newborn lamb lungs (7) .
In this preparation, Ca2+-channel blockade separated the effects of air trapping, with resultant inadvertent PEEP, on the pulmonary circulation into two components: Ca2+-channel-dependent and Ca2+-channel-independent portions. The Ca2+-channel-dependent portion started by 30 s, and also accounted for the delayed increase in mPpa. In this study, the Ca2+-channelmediated component accounted for about 30% of the total change in mPpa seen with air trapping. It also accounted for the delayed decrease in mPpa seen on shortening inspiration back to 25%. The Ca2+-channel-mediated component of the mPpa change was entirely reversible on relief of air trapping. The Ca2+-channel-independent portion, on the other hand, displayed little or no hysteresis, and closely followed the time course of airway pressures, reflecting compressive or Starling resistor effects of airway pressure.
During CPPB with airway obstruction, it takes time to establish a stable residual lung volume with an abrupt change in inspira- tory time. Thus, the gradual increase in mPpa on lengthening inspiratory time, before verapamil administration, may be due to slow stabilization of residual lung volume. Ca2+-channel blockers are known to reduce lower airway resistance in reversible lower airway obstruction through relaxation of bronchomotor tone (1 8). A decrease in airway resistance would result in a lower Pmax during volume-regulated CPPB. Verapamil would not be expected to alleviate the airway obstruction produced in our study by narrowing the proximal airway. Ca2+-channel blockers are not known to have a direct effect on lung compliance. Because in this preparation Ca2+-channel blockade had very little effect on airway pressure changes and because the tidal volume was fixed throughout the experiment, the changes in mPpa with air trapping do not reflect changes in airway resistance or lung compliance. Instead, this suggests that the Ca2+-channel-mediated effect of air trapping is active pulmonary vasoconstriction.
In vifro, rings of feline small pulmonary arteries (in situ diameter <I000 rm) respond to mechanical stretch by active contraction (19) . This effect is Ca2+-channel mediated (19) . The force of contraction is directly proportional to the amount of stretch applied (19) . Both applied PEEP and inadvertent PEEP may cause alveolar overdistension and increase functional residual capacity (10) . This may exaggerate the rhythmic lung stretch that accompanies CPPB. It is possible that this causes rhythmic stretch of the small pulmonary arteries, which may respond by vasoconstriction. The Ca2+-channel-dependent effect of air trapping may represent either a direct effect of lung stretch causing smooth muscle contraction, or an indirect effect due to release of vasoconstrictor humoral mediators.
It is not known whether this response of the pulmonary vasculature to exaggerated lung stretch is unique to the neonatal pulmonary circulation. No data is currently available in older lambs or adult sheep. However, in adult dogs, applied PEEP has been shown to primarily act as a Starling resistor increasing downstream pressure for flow without altering PVR, suggesting predominantly mechanical compression of alveolar vessels (20) . In lambs, small pulmonary arteries acquire a thick tunic of smooth muscle late in fetal development. This allows the fetus to maintain very high PVR, diverting right ventricular blood across the ductus arteriosus toward the placenta (2 1, 22) . We speculate that the neonatal lamb pulmonary vasculature is more sensitive to lung stretch than that of older lambs. The exact clinical significance of this Ca2+-channel-dependent phenomenon to lung stretch in the human neonate is at present unclear.
Conclusions. Air trapping causes both Ca2+-channel-dependent and a Ca2+-channel-independent changes in neonatal lamb PVR. The Ca2+-channel-independent portion of the Ppa change probably results from mechanical Starling resistor effects of positive airway pressure on alveolar vessels. The Ca2+-channel-dependent portion of the Ppa change is reversible and may represent a physiologic vasoconstrictor response to exaggerated lung stretch, and amplifies the mechanical effects of positive airway pressure on pulmonary vessels in infant lambs. This response may be unique to the neonatal pulmonary circulation.
